The influence of brain and body temperature on ischemic brain damage, notably on the density and distribution of selective neuronal vulnerability, was stud ied in SPF-Wistar rats subjected to 15 min of forebrain ischemia induced by bilateral occlusion of the common carotid arteries combined with arterial hypotension (50 mm Hg) in a room air environment. In one group of ani mals, the body temperature was maintained at 37°C but no attempt was made to prevent heat losses from the ischemic brain; i. e. , the head was not heated during isch emia. Under those conditions the temperature of the cau doputamen and at a subcutaneous site over the skull bone spontaneously fell to � 32°C. In four other groups, both the rectal and the subcutaneous skull temperatures were maintained at 38, 37, 35, and 33°C during the ischemia. Our results confirm those recently reported when brain temperature was varied during 20 min of ischemia, with body temperature kept constant. Thus, the histopatholog ical outcome of the brain damage, as assessed after 7 days
It has been known for a long time that moderate to deep hypothermia increases the tolerance of the brain to ischemic insults (e.g., Hirsch et aI., 1957; Rosomoff, 1959; Boyd and Connolly, 1961; Siebke et aI., 1975; Haneda et aI., 1986) . This increase in tolerance has been extensively exploited in the clinic (Fay, 1959; Brunberg et al., 1974; Spetzler et aI., 1988) . To take an extreme example, by reducing the brain temperature to 5-8°C, White and associ ates (1973) were able to interrupt brain circulation for 60 min in primates. In patients, hypothermia of such magnitude allows surgical intervention of a type that could not be tolerated at normal temper atures. The procedure has apparently no untoward effects on postischemic brain function. of recovery, was strongly temperature dependent. Whereas ischemia at 37-38°C consistently caused neuro nal necrosis in the hippocampus, neocortex, and caudo putamen, spontaneous cooling of the brain during isch emia at a rectal temperature of 37°C significantly reduced the ischemic damage. Intentional lowering of temperature to 35°C markedly reduced and to 33°C virtually prevented neuronal necrosis in some but not all of the regions stud ied. While damage to the caudoputamen was extremely temperature sensitive, that affecting the CA 1 sector of the hippocampus, and particularly the lateral reticular nu cleus of the thalamus, was less so. Our results suggest that whatever biochemical events are responsible for se lective neuronal vulnerability, they are temperature sen sitive; however, since there are differences in sensitivity between different parts of the brain, more than one mech anism may be involved. Key Words: Cerebral ischemia Hypothermia-Neuronal damage.
In 1962, Hirsch and Muller published an exten sive series of experimental results that suggested that even very small differences in brain tempera ture affect the neurological and histopathological outcome of complete global ischemia. The authors, who conducted their experiments on rabbits, stud ied the revival time, i.e., the longest ischemic peri ods that were tolerated without causing functional or histopathological sequelae. Their results showed that the revival time was an approximately linear (inverse) function of brain temperature. Interest ingly, since the revival times reported were 6, 8, and 10 min for temperatures of 39, 38, and 37°C, the results of Hirsch and Muller suggested that a differ ence in brain temperature of I-2°C was enough to alter the outcome of the ischemia.
Recently Busto et al. (1987) , who subjected rats to 20 min of four-vessel occlusion ischemia, varying the intraischemic brain temperature at constant body temperature, produced definitive evidence that small temperature differences affect the out come of ischemia. These authors found that, with out external heating, brain temperature fell to 30-3l oC during 20 min of ischemia, and also that this fall markedly attenuated the ischemic damage. Accordingly, they maintained intrastriatal tempera ture at 36, 34, and 33°C during the ischemia, keep ing body temperature at 37°C, and evaluated the brain damage after 3 days of recovery. In another group, brain temperature was maintained at 39°C (n = 2), but since long-term survival was not feasible, perfusion-fixation was carried out 24 h following the ischemic insult. In yet another group, intraischemic brain temperature was 36°C but postischemically it was reduced to 33°C for I h.
The results of Busto et al. (1987) demonstrate that, following 20 min of ischemia, brain damage is virtually absent at 30-33°C. In this respect, their results are similar to the data reported by Hirsch and Muller (1962) , who found no brain damage after 20 min of ischemia if brain temperature was 30-33°C.
Our own work on the influence of temperature was stimulated by results showing unexpectedly ex tensive brain damage in rats subjected to only 8-10 min of forebrain ischemia (Smith et aI., 1984) . For more than 10 years, we had used a simple procedure designed to maintain brain temperature at 37°C (Ek lof et aI., 1972; see also Kagstrom et aI., 1983) . Inadvertently, in the study of Smith et al. (1984) , the placement of the heating lamp was such that brain temperature was maintained at or just above 38°C. We wondered whether the differences be tween our results and those of others were due to differences in brain temperature. Although the study of Busto et al. (1987) seemed to provide an answer to this question, several pertinent questions arose. We therefore undertook a study of the effect of temperature on ischemic brain damage, asking three questions. First, is it possible to reproduce the results of Busto et al. (1987) by a procedure in which both body and brain temperatures are var ied? The answer to this question is not obvious since whole-body hypothermia alters many sys temic variables, including blood viscosity, and it is clinically important since body and blood cooling is more feasible than isolated brain cooling. Second, is the effect of temperature similar in all selectively vulnerable brain areas, or are there interregional differences? Third, will maintenance of brain tem perature at 38°C during 15 min of ischemia convert a pattern of selective neuronal vulnerability to one of laminar necrosis and/or infarction? This question is pertinent to the true vulnerability of rat brain tis sues to ischemia since the body temperature of the J Cereb Blood Flow Metab, Vol, 10, No, 3, 1990 awake rat is closer to 38 than to 37°C (e.g., Lewis et aI., 1973) .
To achieve these goals, and to allow comparisons with the results published by Busto et al. (1987) , we maintained rectal and head temperature at 38, 37, 35, and 33°C during 15 min of forebrain ischemia and assessed brain damage after 7 days of recovery. We also studied groups large enough to allow as sessment of temperature effects on different popu lations of neurons. The results were also compared with those obtained in normothermic animals (rec tal temperature 37°C) in which the ischemic brain was allowed to cool spontaneously.
MATERIALS AND METHODS

Animal models
A total of 60 male SPF-Wistar rats (M�llegaard's Breeding Centre, Copenhagen, Denmark), weighing be tween 300 and 350 g, were used. The animals were di vided into the following main groups: (a) sham-operated controls (n = 8) ; (b) animals that were maintained at a rectal temperature of 37°C by a lamp in the operation table, but whose heads were not heated during 15 min of ischemia (n = 8) ; and (c) animals subjected to 15 min of forebrain ischemia with the temperature on the skull and in the rectum controlled at 33, 35, 37, and 38°C (n = 10 in each group) before and during the ischemia. In four extra animals, subjected to 15 min of ischemia with the temper ature on the skull and in the rectum controlled at 33°C during ischemia, attempts were made to quickly raise body and brain temperature to 37"C within 15 min after the termination of ischemia. This was done to exclude or minimize effects of postischemic hypothermia.
The animals were fasted the night before the experi ment but allowed free access to tap water. Anesthesia was induced with 3.5% isoflurane (Abbott Laboratories Ltd., Kent, England). The animals were intubated and connected to a Starling-type respirator delivering 1.5% isoflurane and 30% O 2 in N20. Tail arterial and venous catheters were inserted to allow blood sampling, blood pressure recording, and infusions. As described previ ously (Smith et aI. , 1984) , the common carotid arteries were isolated via a neck incision and prepared for occlu sion. A silicone catheter was advanced into the inferior caval vein via the right jugular vein to allow rapid with drawal and reinfusion of blood. To measure skull temper ature, a thermocouple (type A-K3; Electrolab, Copen hagen, Denmark) was placed on the bregma under the scalp over the frontoparietal region. The temperature probe was inserted through a skin incision that was then sutured. We have previously characterized changes in in tracerebral temperatures during and following ischemia and correlated them to the subcutaneous scalp tempera ture (Minamisawa et aI. , 1990) . When reference is made to brain temperatures, the data pertain to that study. For EEG recording a pair of needle electrodes was inserted into the muscles lateral to the skull bone.
Regulation of temperature and induction of ischemia
The rectal and skull bone temperature was maintained close to the desired value in the following way. For achieving temperatures of 33 and 35°C, the anesthetized animals (1.5% isoflurane) were allowed to cool spontane ously. This took close to 2 h in the first and -1 h in the second group. When the desired temperatures had been reached, heating was applied from the operating table to maintain body temperature. In the 37 and 38°C groups, heating was applied from the beginning. In these, total anesthetic time before ischemia induction was 45-60 min. Thus, this time was similar in three groups but about twice as long in the fourth (33°C). In all groups, rectal and skull bone temperatures were maintained at the desired levels by the use of a heated operating table and a heating lamp placed above the head of the animal (a 55-W light bulb placed 15-30 cm above the skull, the actual distance depending on the desired temperature).
After completion of the operative procedures, the ani mal was placed in the prone position, with inspired O 2 content and the respirator set to give an arterial P0 2 of 90-115 mm Hg and a Pco 2 of 35-40 mm Hg. The plasma glucose level was measured on arterial blood samples. Prior to the sampling for the first blood gas measurement, 50 IV of heparin (Vitrum AB, Stockholm, Sweden) was given intravenously. Following discontinuation of isoflu rane for 1 min, ischemia was induced by bilateral carotid artery clamping and exsanguination to a blood pressure level of 50 mm Hg. During the ischemic insult, rapid ces sation of EEG activity (15-20 s) was confirmed. At the end of the 15-min ischemia, the blood was reinfused and the carotid clasps were released. When blood pressure was restored, a 0. 5-ml volume of 0.6 M sodium bicarbon ate was injected intravenously to counteract systemic ac idosis. The caval catheter was removed and the neck in cision was closed by sutures. As soon as ischemia was terminated, moderate body heating was started (33 and 35°C groups), continued (37°C group), or discontinued (38°C group). Blood pressure was continuously recorded during the early recovery period, and arterial blood sam ples were taken for control of Po 2 , Pco 2 , and pH. After a recovery period of -20-30 min, the animals had regained consciousness, resumed spontaneous respiration, and could be disconnected from the respirator. They were subsequently extubated, and the tail catheters were re moved.
The animals were then housed in cages with access to tap water and pellet food. On day 7 after the experiment, the animals were reanesthetized with halothane, con nected to the respirator, and perfusion-fixed via the as cending aorta with 4% formaldehyde buffered to pH 7. 35, preceded by a 30-s rinse with saline. Both solutions were prewarmed to 37°C and infused at a pressure of 135 mm Hg. The brains were allowed to stabilize in situ until they were removed the next day and subsequently stored in cold fixative. The brains were cut coronally in 2. 8mm-thick slices and dehydrated in graded strengths of ethanol over 2 days. Following clearing in xylol and em bedding in paraffin, they were subserially sectioned at 8 fl.m on a Reichert sledge microtome and stained with ce lestine blue and acid fuchsin (Auer et aI. , 1984) .
Quantification of damaged (pink acidophilic) neurons was done in a blinded fashion at a magnification of 100-400x and performed as follows. For the different parts of the dorsal hippocampus (subiculum, CAl, and CA3), a quantitative calculation of the percentage of dam aged neurons was performed by counting living neurons bilaterally in each animal. For the cerebral cortex, the caudate nucleus, and the thalamic nuclei (the lateral re ticular nucleus), ischemic cell change was evaluated on a semi-quantitative scale: 0 = normal; 1 = a few affected neurons; 2 = many affected neurons; and 3 = most neu rons affected. Statistical differences in the CAl sector were evaluated by analysis of variance, followed by Scheffe's F test. Kruskal-Wallis analysis and Mann Whitney V test were used for assessment in other regions of brain damage.
RESULTS
Physiological parameters, rectal temperature, and blood glucose concentration are given in Table  1 . Physiological parameters and plasma glucose concentrations were similar and no significant dif ference between pre-and postischemic values was observed by one-way analysis of variance. Rectal temperature could be maintained at the predeter mined values.
The effect of transient ischemia on temperature differences between the rectum, the skull surface, 7.40 ± 0.03 5.9 ± 0.8 7.41 ± 0.03 7.32 ± 0.07 6.2 ± 1.2 4.9 ± 0.6 7.40 ± 0.05 7.33 ± 0.08 5.6 ± 0.9 5.8 ± 1.2 7.42 ± 0.04 7.39 ± 0.05 6.6 ± 1.1 6.4 ± 0.8 7.37 ± 0.02 7.30 ± 0.04 5.9 ± 1.1 5.8 ± 1.1 7.37 ± 0.03 7.32 ± 0.04 5.5 ± 1.1 6.0 ± 1.3 7.41 ± 0.03 7.38 ± 0.03 6.0 ± 1.2 6.6 ± 1.0 and the brain will be described in a separate publi cation. Figure lA shows a typical recording of tem perature changes in an animal in which no attempt was made to maintain head temperature during ischemia. Before ischemia, rectal, skull, and cau doputaminal temperatures were almost similar. This was the case for all temperature levels studied. In confirmation of the results reported by Busto et al. (1987) , we found that brain temperature (and temperature at a subcutaneous site on the skull) fell by -5°C during 15 min of ischemia. Reperfusion brought brain temperature close to rectal tempera ture, but since external heating was discontinued, scalp temperature fell. Figure 1 B shows comparable representative curves obtained in animals in which the head was heated during ischemia so as to maintain the sub cutaneous temperature close to rectal temperature. This procedure prevented the large fall in brain tem perature during ischemia. However, at all temper atures tested, caudoputaminal temperature none- 
reperlusion theless fell by -1°C during ischemia. The reason for this fall is discussed in the separate article devoted to temperature gradients (Minamisawa et aI., 1990) . That article also discusses gradients in temperature between body core and brain, as well as between different brain regions. In this context, the impor tant fact is that although brain temperatures during ischemia did not equal those measured on the sur face, the temperature differences between the groups were as given. It should also be emphasized that a raised (38°C) or lowered (35 and 33°C) tem perature was maintained not only during ischemia, but also during the first part of recirculation before the animals had taken care of their own temperature control. For example, animals with a rectal temper ature of 33°C normalized their body temperature 35-45 min after the ischemic insult. The animals in which body and skull temperatures were heated from 33 to 37°C normalized their body within 15 min after the termination of the ischemia.
,"
All animals awoke within 20--30 min except those of the 38°C group, which awoke 40-50 min after ischemia. In these periods, the animals recovered their EEG, consciousness, and spontaneous respi ration, as well as pain and corneal reflexes. In the 33 and 35°C groups, and in the group maintained at 37°C without head heating during ischemia, body weight was maintained at ±5% of control during the 7 days of recovery. In the head-heated 37°C group, body weight decreased maximally by 10% in that period, and in the 38°C group between 10 and 30%. In comparison, body weight of sham-operated ani mals increased by � 10%. The rate of mortality was <10%, with no deaths occurring in the sham operated group.
The results of the histopathological evaluation of brain damage will be discussed for each structure in turn and are summarized in Figs. 2- 
Neocortex
When the damage was blindly scored on a 0-3 scale, the results demonstrate that a reduction of temperature from 37 to 33°C reduced the damage significantly. There was also a significant difference in the two 37°C groups: with and without head heat ing. Notably, about half of the animals showed mild damage at 33°C in the form of scattered necrotic neurons (Fig. 2) . This damage was usually confined to layers 3 and 4. It was obvious, therefore, that a lowering of brain temperature to 33°C almost, but not completely, prevented cortical damage. No sig nificant difference was observed between the main 33°C group and that comprising animals that were ..
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Skull bone temperature "C heated after ischemia. In the 38 and 37°C groups, the damage was similar but variable, ranging from large confluent infarcts to scattered neuronal necro sis. Large and small infarcts (Fig. 3) were seen in four animals at 38°C and in three animals at 37°C, while infarcts were absent at 35 and 33°C. For un known reasons, most of the infarcts were on the right side.
Caudoputamen
Neuronal necrosis in the caudoputamen can af fect the whole nucleus or, if the damage is less se vere, its dorsolateral crescent (Pulsinelli et ai., 1982; Smith et ai., 1984) . The damage to caudo putamen behaved somewhat differently from the neocortical one since all 38 and most 37°C animals had massive bilateral damage while virtually all 35 and all 33°C animals lacked ischemic injury (Figs. 2  and 4 ). Spontaneously cooling rats showed a signif icant decrease of damage compared with the 37°C group. As the results demonstrate, damage to cau doputamen showed a pronounced transition in the temperature range of 37-35°C. Infarcts were lack ing, but in some 38°C animals, the caudoputamen had a spongy character, suggesting that marked cel lular edema accompanied the destruction of neu rons (Fig. 4) .
Hippocampus
Results obtained in the hippocampal CAl sector are shown in Fig. 5 . The subiculum and CAl sectors behaved similarly. Thus, damage was complete or near-complete in the 38 and 37°C groups and signif icantly reduced at 33°C. However, reduction of temperature to 33°C failed to completely eliminate damage in these regions (Fig. 6) , and in the majority of animals 5-40% of the subicular cells (data not shown) and about the same amount of CAl cells were necrotic (Fig. 5) . The spontaneously cooling animals had damage resembling that in the 35°C group.
The CA3 sector, a relatively resistant zone (Pulsinelli et ai., 1982; Smith et ai., 1984) , showed mild damage (mean percentage of damage was 2%) in all 38°C and about half of the 37°C animals (mean percentage of damage was 1%). The damage was virtually eliminated at 35, 33, and 37°C without head heating and 33°C with the head heated after isch emia (data not shown).
Thalamus
The damage in the ventroposterior lateral and medial nuclei of the thalamus was complete or near complete in the 38 and 37°C groups. A reduction in body temperature to 33°C reduced the number of damaged neurons in these nuclei in much same way as it reduced damage to caudoputamen (not shown). In the lateral reticular thalamic nucleus, similar ischemic damage was observed at body tempera tures of 38 and 37°C, but the damage to this area was significantly decreased at 35°C. There was no further decrease of ischemic damage at 33°C. The spontaneously cooling animals had a significant de crease of ischemic damage compared with the 37°C group. No statistical difference was observed be tween damage at 33 and 33°C with the head heated after ischemia (Fig. 2) .
DISCUSSION
As reviewed elsewhere (Siesjo, 1978; Busto et ai., 1987) , marked to moderate hypothermia is known to protect the brain against ischemic/ hypoxic damage. This protective effect is not due to the reduction in cerebral metabolic rate. Thus, a 10°C reduction in body temperature dramatically re duces the susceptibility of the brain to ischemia! hypoxia, while deep barbiturate anesthesia, which reduces cerebral metabolic rate equally, has no such effect, or only a minor one (see Siesjo, 1978; Steen et al., 1983) . It seems likely that hypothermia reduces membrane functions, critical to the devel opment of ischemic brain damage. The Miami group has provided a plausible explanation by suggesting that hypothermia reduces the release of neurotrans mitters with potentially adverse effects on postsyn aptic neuronal elements (B usto et al., 1989) .
Amelioration of ischemic brain damage by only very small decreases in brain temperature was first described by Hirsch and collaborators (Hirsch et al., 1957; Hirsch and Muller, 1962) . These authors emphasized that differences in brain temperature of only 1-2°e significantly altered the revival times. They also observed that even though body temper ature was maintained during ischemia, brain tem perature fell markedly unless measures were taken to prevent this from occurring. In the experiments of Hirsch and collaborators, this was achieved by enclosure of the whole animal in a glass box, the temperature of which was maintained 1-2°e below body temperature.
The results of Busto et al. (1987) extended those of Hirsch and collaborators; in addition, they pro-vide experimental support for the generally held view that hyperthermia adversely affects the isch emic brain (Hartman, 1937; Burger and Fuhrman, 1964) and hint that postinsult hypothermia may be beneficial in ameliorating brain damage due to tran sient ischemia. Their results are not directly com parable with those of many others, though, since the temperature of the brain was varied at constant body temperature. In other words, in the experi ments on normothermia, moderate hypothermia, or hyperthermia, heating was applied to prevent the drop in brain temperature that would otherwise oc cur or to raise it above body temperature. This is a very elegant way of demonstrating the influence of intraischemic differences in temperature, avoiding the confounding effects of hypo-and hyperthermia on systemic variables. However, the results leave open the question of whether moderate body cool ing will have comparable effects on the ischemic damage. Our procedure offers the advantage that it mimics clinically feasible ways of lowering brain temperature to values that carry little risk of car diovascular complications (Regnier and Harari, 1963) . Its disadvantage is that it is difficult to ex clude that a period of postischemic hypothermia setting, an intentional lowering of body (and brain) temperature cannot be immediately reversed. The control experiments performed in this study suggest that most of the protective effects observed were due to intraischemic hypothermia. In the present experiments, we could confirm the finding of Busto et ai. (1987) that ischemia in the rat gives rise to a rapid fall in skull and brain temper ature, unless prevented by the placement of a heat ing lamp above the head. We adjusted the subcuta neous temperature to the desired levels (38, 37, 35, and 33°C) in the four main groups of experiments. However, this does not mean that brain tempera tures were maintained at these levels during isch emia since brain temperatures fell by � 1°C below subcutaneous temperatures during ischemia even though the head was heated with a lamp (cf. Busto et ai., 1987) . However, the important point is that all the present groups showed a similar fall; hence, the temperature differences between the groups were as given (note, though, that the highest brain core temperature during ischemia studied was close to 37°C).
The present results, obtained with a different method for brain cooling, are directly comparable with those of Busto et al. (1987) since the temper atures studied were similar. In general, our results confirm those of Busto et al. (1987) . In both studies ischemia gave rise to damage to the CAl and subic ulum sectors of the hippocampus, caudoputamen, cortex, and thalamus, and this damage was amelio rated by a decrease in temperature by 2-3°C. How ever, there were differences. For example, while Busto et al. still recorded damage to the caudoputa men in some animals at brain temperatures of 33 and 34°C, our animals had no such damage below 35°C. Furthermore, none of our animals at 35 and 33°C showed absence of CAl damage since the ma jority had �20% damage also at 33°C. Clearly, the caudoputamen and CA I sector differed in their re sponse to hypothermia. Compared to caudoputa men, the lateral reticular nucleus of the thalamus represented the other extreme case since damage to this nucleus was relatively little affected by hypo thermia. Finally, our spontaneously brain-cooled group (37 to 32°C) showed more damage than that reported by Busto et al. (1987) .
The present results thus provide the interesting information that hypothermia has differential ef fects on cell damage incurred by different neuronal populations. On the one extreme are the neurons in caudoputamen, which are heavily affected at a tem perature of 38°C, less so at 37°C, and virtually spared at 35°C. The other extreme is best repre sented by the lateral reticular thalamic nucleus but also encompasses neurons in the dorsal hippocam pus, particularly subiculum and CAl cells. Thus, maximally 40% of the subiculum neurons and 40% of CAl neurons were necrotic following ischemia at 33°C. Neurons in the neocortex formed an interme diate group between these extremes. These differ ences in susceptibility suggest corresponding differ ences in the effects of the ischemic insults on neu ronal membrane functions.
The results fail to give evidence that a lowering of temperature from 38 to 37°C decreased ischemic brain damage. However, this may partly reflect the massive damage incurred in some brain regions; i.e., if the damage is dense already at 37°C, one cannot expect to find differences between 38 and 37°C. Clearly, if one wishes to explore the effect of very moderate hypo-or hyperthermia, the duration of ischemia must be varied. A notable finding was the presence of small or large infarcts in some ani mals maintained at body temperatures of 38 and 37°C. The results are obviously similar to those re ported by Smith et al. (1984) . Since the brain was heated by a lamp, it seems a possibility that local or asymmetrical heating of the cortex was responsible.
The present work has two major implications. First, the results of Busto et al. (1987) and those presented here suggest that temperature differences may explain some of the discrepancies in the liter ature on the susceptibility of the brain to ischemia. The results must lead to an increasing awareness of the higher resistance of the brain to ischemia in set tings where brain temperature is not upheld.
The other implication of the present work is that even very small decreases in brain temperature may ameliorate ischemic brain damage and that fever/ hyperthermia carries an additional risk. Protection by very moderate hypothermia is clinically interest ing since temperature decreases of 2-5°C can be induced with little risk of cardiovascular complica tions (e.g., Regnier and Harari, 1963) . Aggravation of ischemic damage by hyperthermia is equally im portant since fever due to infections and hyper pyrexia from other causes are common. One can foresee a revival of clinical interest in hypothermia as a means of ameliorating ischemic brain damage.
